A longevity gene, Sirtuin 1 (SIRT1) and energy sensor AMP-activated protein kinase (AMPK) have common activators such as caloric restriction, oxidative stress, and exercise. The objective of this study is to characterize the role of cardiomyocyte SIRT1 in age-related impaired ischemic AMPK activation and increased susceptibility to ischemic insults. 
Introduction
The Sirt1 gene belongs to the family of nicotinamide adenine dinucleotide (NAD þ )-dependent proteins and is considered a major gatekeeper against oxidative stress and cardiovascular aging. [1] [2] [3] SIRT1 protects the heart from ischaemia/reperfusion injury and cardiomyocyte apoptosis. 2, 4 Recently, the longevity protein SIRT1 was proposed to be involved in the metabolic regulation of AMP-activated protein kinase (AMPK) in 2, 7 AMPK is a conserved energy sensor that regulates cellular metabolism. In general, activation of AMPK results in the repression of ATPconsuming anabolic processes and activation of ATP-producing catabolic processes to maintain cellular energy storage. AMPK can phosphorylate transcription factors and co-activators that regulate gene expression, including FoxO3, PGC1-a, p300, and HNF4. Interestingly, many of these transcription factors are also regulated by SIRT1. Moreover, genetic mutations in AMPK genes cause metabolic disorders in both cardiac 8 and skeletal muscle, 9 suggesting that alterations in AMPK have clinical consequences and may contribute to the decline in stress tolerance observed with aging. SIRT1 has been implicated with the pivotal 'energy switch' protein AMPK; there are studies indicating that SIRT1 may induce AMPK phosphorylation by activating one of its upstream activators LKB1. 10, 11 Alternatively, other studies demonstrate that AMPK can activate SIRT1 by elevating intracellular NAD þ levels. 6, 12 Moreover, the effects of both AMPK and SIRT1 on peroxisome proliferator-activated receptor c coactivator 1-a (PGC1-a) suggest that an interdependence of these two proteins contribute to the stress response and metabolism. 13 Although it has recently become appreciated that both AMPK and SIRT1 are evolutionarily conserved metabolic stress sensors whose functions are complementary, 6 there are findings 14, 15 that suggest these two signalling pathways are even more inextricably linked than previously appreciated. This prompts the need for addressing the role of both AMPK and SIRT1 in energy stress of the heart. We have also reported that aging causes impaired cardiac AMPK signalling in response to ischemic stress. 16 There is mounting evidence that AMPK plays a role in modulating the metabolism of both glucose and fatty acids that may benefit the tolerance of the heart to ischemic stress. [17] [18] [19] Therefore, we attempt to elucidate the role of impaired ischaemia and reperfusion (I/R)-induced activation of both AMPK and SIRT1 in the aged heart. Furthermore, we explore whether the small molecule AMPK agonist or SIRT1 agonist can improve cardiac performance in older individuals and augment the aged heart's resistance to ischemic stress by enhancing the cardiac AMPK-SIRT1 signalling cascade.
Methods

Experimental animals
AMPK kinase dead (AMPK KD, a2 K45R mutation, driven in heart and skeletal muscles by the muscle creatine kinase promoter) mice were gifted from Dr Morris Birnbaum. 20 All animal protocols in this study were approved by the University of Mississippi Medical Center Institutional Animal Care and Use Committee. Aged wild-type (WT) (C57BL/6 J, 24-26 months) were purchased from Charles River. Young WT (C57BL/6 J, 4-6 months), SIRT1 flox/flox mice (stock number 008041),
and CreER T2 (stock number 005657) mice were from Jackson Laboratory. Cardiomyocyte-specific deletion of the SIRT1 gene mouse was generated by breeding SIRT1 flox/flox mice with transgenic mice that carried an autosomally integrated Cre gene driven by the cardiac-specific alpha-myosin heavy chain promoter (aMHC) (CreER T2 ). The genotyping of mice was performed in the following way: genomic DNA was isolated with the Mouse Tail Quick Extraction kit (BioPioneer) from tail. The inducible cardiac-specific SIRT1 knockout (icSIRT1 KO) mice were generated by Tamoxifen injection (0.08 mg/g, i.p. 5 days) of CreER T2 -SIRT1
flox/flox (12 week old) mice, and CreER T2 mice (12 week old) with Tamoxifen injection were used for control groups. The genotying details were descibed in the Supplementary material online. All mice used for the experimental tests were males. All animal experiments were performed in compliance with NIH guidelines.
In vivo regional ischaemia and myocardial infarct size measurements
Mice were anesthetized with isoflurane (2%) via inhalation and kept ventilated (Harvard Rodent Ventilator; Harvard Apparatus, Holliston, MA) during surgeries. The body temperature was maintained at 37 C with a heating pad. After left lateral thoracotomy, the left anterior descending coronary artery (LAD) was occluded for ischaemia with an 8-0 nylon suture and polyethylene tubing to prevent arterial injury. An ECG and blanching of the left ventricle confirmed ischemic repolarization changes (ST-segment elevation) during coronary occlusion. At the endpoints of experiments, mice were anesthetized with isoflurane (2%) and ventilated while the hearts were excised, and the ischemic region of the left ventricle was separated before freeze clamping in liquid nitrogen. Freezeclamped heart tissues were stored at -80 C until further immunoblotting 
In vivo evaluation of heart function by echocardiography
Four weeks after surgery, representative randomly selected animals from each group were anaesthetized (isoflurane) and transthoracic M-mode echocardiography (Vevo770, Visualsonics, Toronto) was performed to measure cardiac function, wall thickness, and chamber volumes. Left ventricle (LV) wall thickness was measured using a modified version of the leading-edge method of the American Society for Echocardiography using three consecutive cycles of M-mode tracing.
Myocardial peak velocities (systolic and diastolic) were measured at the mitral valve level, and the ratio between early mitral inflow velocity and Only a representative sample of Sham hearts was required since wall motions were observed to have synchronous motion, whereas infarcted group had asynchronous wall motion. Since all coronary artery ligation mice were expected to have infarcts and asynchronous wall motion, the averaged %EF and %FS were calculated using Simpson's measurements.
Adeno-associated viral delivery
Mice were anesthetized with isoflurane (2%) and placed on a ventilator. The chest was entered from the left side through the forth intercostal space. The pericardium was opened and 7-0 suture placed at the apex of the left ventricle. After dissection of the aorta and pulmonary artery, the adeno-associated virus (AAV9, 5Â10 7 gc per mouse) was injected into the left ventricular cavity through a 27-G catheter while the aorta and pulmonary artery were crossed-clamped for 50 s. In sham-operated animals, normal saline was injected into the left ventricular cavity while the aorta and pulmonary artery were crossed-clamped for 50 s. This procedure allows the solution that contains the adeno-associated virus (AAV9) to circulate down the coronary arteries and perfuse the heart without direct manipulation of the coronaries. After 50 s, the clamp on the aorta and pulmonary artery was released. After removal of air and blood, the chest was closed, and animals were extubated and transferred back to the cages.
Immunoblotting
Immunoblots and immunoprecipitation were performed as previously described. [24] [25] [26] Rabbit antibodies p-AMPKa (Thr   172   ) , AMPKa, p-acetylCoA carboxylase (ACC) (Ser 79 ), ACC, Eukaryotic elongation factor 2 (p-eEF2), phosphor-Serine/threonine-protein kinase ULK1 (Ser 555 ), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), PGC-1a, TUG, and LKB1 were obtained from Cell Signaling Tech (Danvers, MA). Goat LKB1 (M-18) was obtained from Santa Cruz Technology (Santa Cruz, CA). Mouse LKB1 antibody was obtained from Novus Biologicals (Littleton, CO). 4-Hydroxynonenal (4-HNE) antibody was purchased from Abcam (Cambridge, MA). The quantification of phosphor/total signalling proteins was normalized to an internal loading control before calculating the ratio of phosphor/total proteins.
Relative quantification of mtDNA copy number
Total DNA was isolated from hearts of young WT, aged WT, and icSIRT1 KO mice and treated with RNase A (Invitrogen). The mtDNA content relative to nuclear DNA was assessed by real-time qPCR (BioRad). 27 Relative mtDNA content was determined using DC T method. 
ROS measurements
MitoSOX Red (Invitrogen) was used to measure mitochondrial reactive oxygen species (ROS) production. Isolated cardiomyocytes were loaded with MitoSOX Red (3 mM) in Dulbecco's Modified Eagle's Medium (DMEM) for 20 min at room temperature, followed by wash out. Images were obtained of cardiomyocytes by use of fluorescence microscopes (excitation at 514 nm and measuring the emitted light at 585 nm).
Intracellular ATP measurement
Heart tissue was collected from sham operations or in vivo regional ischaemia 45 min and reperfusion 24 h. The tissue was used to measure the intracellular ATP levels were measured using ATP Assay kit (Sigma MAK190-1KT) according to the manufacturer's instructions. 
Mitochondrial image analysis
Image analysis was performed using NIH Image J for mitochondrial size and relative abundance. The latter was calculated by fraction of mitochondria area/cell area.
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Isolated heart perfusions
Mice were anesthetized with isoflurane (1-3%) and the isolated mouse hearts were perfused in the Langendorff mode with modified KrebsHenseleit buffer containing glucose (7 mM), oleate (0.4 mM), BSA (1%), and a low fasting concentration of insulin (10 lU/mL) at 37 C, as previously described. 24, 25 Hearts were perfused for 20 min at a flow of 4 mL/ min, followed by 20 min of global, no-flow ischaemia and 30 min of reperfusion. A fluid-inflated balloon connected to Chart7 system from ADInstruments was inserted into the left ventricle (LV) to measure heart rate and left ventricular developed pressure (LVDP). The balloon was filled to achieve a baseline LV end-diastolic pressure of 5 mm Hg that was kept constant during ischaemia and reperfusion.
2,24,26
Cell surface GLUT4 labelling
To distinguish cell surface and intracellular GLUT4, the cell membrane impermeable compound 4,4
was used as previously described. 29, 30 After perfusion in Langendorff system, isolated hearts were flushed with 1 mL of cold glucose-free KHB through aortic cannulation to wash away glucose and then perfused with KHB containing 300 lM of bio-LC-ATB-BGPA. After infusing with bio-LC-ATB-BGPA the hearts were incubated at 4 C for 15 min. In order to enhance the crosslink of GLUT4 and bio-LC-ATB-BGPA, the left and right ventricles were then cut sagittally and exposed under UV irradiation on both sides for 5 min each. Hearts were then freeze-clamped and stored in -80 C for further use. For cell surface GLUT4 analysis, the photolabelled cardiac tissues were homogenized in 500 lL lysis buffer containing 250 lL HEPES-EDTA-sucrose (HES) buffer (20 mM HEPES, 5 mM Na-EDTA, and 255 mM sucrose), 250 lL of 2% Thesit/PBS, and protease inhibitor cocktail (Hoffmann-La Roche Inc., Indianapolos, IN). Tissue homogenates were centrifuged at 20 000 g, 4 C for 30 min, and the supernatant was collected. To isolate the cell surface GLUT4, 400 lg of total protein were incubated with 100 lL of streptavidin bound to 6% agarose beads (Pierce, Rackford, IL) at 4 C overnight. The streptavidinagarose isolated fraction of GLUT4 was then washed with decreasing concentrations of Thesit/PBS (1%, 0.1%, and 0%) three times. The labelled GLUT4 were then dissociated from the streptavidin by boiling in the LDS-PAGE loading buffer (Invitrogen) for 30 min. Western blot was conducted to compare the change of cell surface GLUT4.
Glucose uptake and glycolysis analysis
Glucose uptake and glycolysis were processed in two different experiments. Glucose uptake or glycolysis was analysed in the Langendorff heart perfusion system by measuring the production of H 2 O production. About 10 mL of scintillation fluid was added to each vial and then mixed well. The radioactive signal was measured on a liquid scintillation counter.
Fatty acid/glucose oxidation analysis
The working heart preload was set up at 15 cm H 2 O, and the afterload was set at 80 cm H 2 O. 19, 25, 31 The flow rate was kept at 15 mL/min.
Aortic systolic and diastolic pressure (mmHg) were measured using a pressure transducer connected to aortic outflow line. Cardiac output and coronary flow (cardiac output minus aortic flow) were measured using in-line ultrasonic flow probes connected to a Transonic T402 ultrasonic flow meter. [9, 10] -3 H-oleate (50 mci/L) and 14 C-glucose (20 mci/L) labelled BSA buffer was perfused into the heart through the pulmonary vein and pumped out through the aorta. The perfusate pumped out from the aorta and that outflowed from the coronary venous was recycled and collected every 5 min to test the radioactivity. C signals were detected to discriminate metabolic products from fatty acid and glucose, respectively.
Statistical analysis
Data were collected from experimental animals and presented as means ± SEM, as indicated, using Image GraphPad Prism 5.0 software (GraphPad Software, La Jolla, CA) for analysis. Comparisons were performed using either a two-tailed, unpaired Student's t test, MannWhitney U test, or ANOVA using Tukey's post-test, when appropriate. P < 0.05 was considered significant.
Results
Cardiomyocyte SIRT1 deficiency increased susceptibility to ischemic and reperfusion injury
We have reported that cardiac SIRT1 protein level and activity are declined in aging. 2 In order to explore the relationship between gene regulation by SIRT1 and gene regulation in response to ischaemia and reperfusion stress, we performed an expression microarray analysis upon inducible cardiac SIRT1 knockdown by tamoxifen (icSIRT1 KO) vs. SIRT1 flox/flox hearts ( Figure 1A) . Total tested genes were 30854 by the beadchip (GPL22165). Depletion of cardiomyocyte SIRT1 significantly altered the gene expression profile, with approximately equal numbers of up-and down-regulated genes under both basal and ischaemia 45 min per reperfusion 24 h (I/R) conditions (using absolute log2-fold change of Illumina Mouse WG-6 v2.0 array average signal >5 as the significance criteria) ( Figure 1B) . These results suggest that cardiomyocyte SIRT1 is a key regulator of stress response genes in the heart. In order to characterize the role of age-related SIRT1 decline in the heart's tolerance to ischemic insults, young WT (4-6 months), aged WT (24-26 months), and cardiomyocyte-specific SIRT1 knockout (icSIRT1 KO) C57BL/6 J mice were subjected to sham or ischaemia and reperfusion (I/R) operation. The echocardiography data demonstrated that Figure 1 Inducible cardiomyocytes spcific SIRT1 knockout (icSIRT1 KO) mice. (A) Immunoblotting shows the down-regulation of heart SIRT1 after 10 days of Tamoxifen injection (0.08 mg/g, i.p. 5 days). N = 6, *P < 0.05 using a Mann-Whitney U test between control and tamoxifen injection group. (B) Expression profile of heart under sham or ischaemia/reperfusion (I/R) condition in response to SIRT1 knockdown. The array was performed with an Illumina Mouse WG-6 v2.0 R2 expression beadchip (30854 genes), n = 3 for each group. (C) Echocardiography showed that ischaemia 45 min and reperfusion 24 h caused cardiac dysfunction in aged and icSIRT1 KO mice as shown by the decreased ejction fraction (EF) and fractional shortening (FS), n = 5-7, *P < 0.05 vs. Sham, respectively; † P < 0.05 vs. young I/R using 2-way ANOVA with Tukey's post-test. (D) Young, aged, and icSIRT1 KO mice were subjected to in vivo regional ischaemia 45 min followed by 24-h reperfusion. Upper: representative sections of the extent of myocardial infarction; Lower left: ratio of the area at risk (AAR) to the total myocardial area; Lower right: ratio of the infarcted area (INF) to the area at risk (AAR). Values are means ± SEM, n = 4-5, *P < 0.05 vs. young using 2-way ANOVA with Tukey's post-test. (E) Langendorff heart perfusion system showed a significant impaired post-ischemic recovery in aged and icSIRT1 KO hearts vs. young hearts, n = 5-6, *P < 0.05 vs. young group, using 2-way ANOVA with Tukey's post-test. (F) Measurement of total cardiac troponin-I release in the serum from young, aged, and icSIRT1 KO mice at the end of reperfusion. Values are means ± SEM, *P < 0.05 vs. young, † P < 0.05 vs. aged, n = 4-5 per group using 2-way ANOVA with Tukey's post-test.
Cardiac SIRT1 and AMPK signalling there are no significant differences in contractile functions between young, aged, and icSIRT1 KO hearts ( Figure 1C and see Supplementary material online, Table S1 ), but after ischaemia of 45 min by ligation of left anterior descending coronary artery (LAD) and reperfusion 24 h by release of LAD ligation, the aged and icSIRT1 KO mice demonstrated significantly impaired contractile functions such as ejection fraction (EF) and fractional shortening (FS) ( Figure 1C) . Moreover, the myocardial infarction size of aged and icSIRT1 KO hearts is significantly larger as compared to young hearts ( Figure 1D) . In order to determine the role of cardiac SIRT1 in cardiac function recovery during post-ischaemia, the isolated hearts from young, aged, or icSIRT1 KO mice were perfused in the Langendorff perfusion system. The results showed that after 20 min of global ischaemia followed by 30 min of reperfusion, the left ventricle contractility of aged and icSIRT1 KO hearts as shown by heart-rate-leftventricular-developed pressure product (RPP) are significantly impaired as compared to that of young hearts ( Figure 1E ). There were no significant changes in heart rate between young, aged, and icSIRT1 KO hearts suggesting that the impairment in cardiac function after ischemic insults could not be ascribed to changes in chronotropic effects. Because ischaemia and reperfusion may cause myocardial stunning, where salvaged myocytes display a prolonged period of contractile dysfunction despite the absence of irreversible damage, 24 the question was then asked as to whether the impaired recovery of function in the aged and icSIRT1 KO hearts was due to either myocardial stunning or exacerbated cell death. As the amount of myocardial infarction correlates to the amount of cardiac-specific troponin-I released from cardomyocytes, 24, 32, 33 the amount of troponin-I release into the serum was measured and was found to be significantly elevated to the same degree as the extent of myocardial infarct size in the aged and icSIRT1 KO hearts vs. young hearts ( Figure 1F ).
SIRT1 deficiency impairs the AMPK signalling in ischemic heart
Accumulating evidence suggests that AMPK is a 'metabolic modulator', which can be an important effector of the switch between fatty acid and glucose oxidation during ischemic injury. We and others have shown that AMPK activation can improve the energetics during ischaemia, leading to rapid changes in fatty acid and glucose oxidation by increasing glucose uptake and rates of glycolysis and ATP generation. 31, 34, 35 There is evidence that cardiac SIRT1 also regulates substrate metabolism under normal physiological and stress conditions. 36 Thus, we hypothesized that SIRT1 might modulate AMPK activation, thereby promoting cardioprotection. Immunoblotting analysis of myocardial lysates taken from in vivo ischemic injury area demonstrated that ischaemia triggered AMPK phosphorylation in a time-dependent manner (Figure 2A) , and the ischemic AMPK phosphorylation was impaired in the icSIRT1 KO hearts vs. SIRT1 flox/flox littermate hearts (Figure 2A) , especially at the 10-min time point of myocardial ischaemia ( Figure 2A) . The ability of AMPK to phosphorylate its immediate downstream target acetyl CoA carboxylase (ACC) was also significantly impaired in icSIRT1 KO hearts vs. SIRT1
flox/flox littermate hearts in response to ischaemia ( Figure 2B) . Similarly, the aged WT and young WT hearts were subjected to 10 min of ischaemia by ligation of left anterior descending coronary artery. The immunoblotting of the ischemic region showed a significantly impaired phosphorylation of AMPK and downstream ACC in the aged WT vs. young WT hearts ( Figure 2C) . In order to understand the reason of an impaired ischemic AMPK activation occurring in aged WT and icSIRT1 KO hearts, the activation of AMPK upstream LKB1 was determined by immunoblotting with phosphorylation, acetylation, and ubiquitination-specific antibodies ( Figure 2D) ; the results demonstrated that myocardial ischaemia stimulated phosphorylation of LKB1, and the ischemic LKB1 phosphorylation was impaired in icSIRT KO hearts ( Figure 2D) . Intriguingly, the immunoprecipitation data clearly showed that deacetylation of LKB1 occurring in young WT hearts but not in aged WT and young icSIRT1 KO hearts during myocardial ischaemia ( Figure 2D ). There was a strong ubiquitination modification of LKB1 in both aged WT and icSIRT1 KO hearts vs. young WT hearts ( Figure 2D) . These post-translational modifications of LKB1 could contribute to the impaired ischemic AMPK activation observed in aged WT and icSIRT1 KO hearts.
SIRT1 deficiency causes metabolic shift in response to ischemic stress
The ex vivo working heart system model was used to measure the substrate metabolism between young, aged, and icSIRT1 KO mouse hearts under basal perfusion and ischaemia and reperfusion stress conditions.
D-[2-
3 H]-glucose was used to measure glucose uptake. 26 The data showed that ischemic stress stimulated cardiac glucose uptake ( Figure 3A) , and the glucose uptake triggered by ischaemia and reperfusion was significantly blunted in aged and icSIRT1 KO hearts vs. young hearts ( Figure 3A) . 19 The results demonstrated that ischaemia and reperfusion caused a significant metabolic shift between glucose metabolism and fatty acid oxidation in the heart ( Figure 3B -E). Interestingly, both glycolysis and glucose oxidation were impaired in aged and icSIRT1 KO hearts vs. young hearts ( Figure 3B and C), while the fatty acid oxidation was significantly augmented in aged and icSIRT1 KO hearts vs. young hearts during ischaemia and reperfusion (I/R) ( Figure 3D and E). The cardiac pumping ability measured in working heart perfusion system is shown in Supplementary material online, Table S2 ; there is no significant change of cardiac pumping functions between young, aged, and icSIRT1 KO hearts under basal and ischemic stress conditions (see Supplementary material online, Table S2 ). However, the diastolic pressure of aged and icSIRT1 KO hearts was significantly higher than that of young hearts (see Supplementary material online, Table S2 ).
SIRT1 deficiency sensitizes mitochondria to ischemic insults
In order to determine the effect of an impaired energy sensor AMPK signalling on mitochondria structure and physiological functions, the transmission electron microscope was used to observe the morphology of mitochondria in young, aged, and icSIRT1 KO hearts. The results showed that mitochondria fission occurred in aged and icSIRT1 KO hearts as compared to young hearts ( Figure 4A and C) . Moreover, the mitochondria in both aged and icSIRT1 KO hearts demonstrated an increased sensitivity to ischaemia and reperfusion stress than that of young hearts, i.e. there are less density of mitochondria in aged and icSIRT1 KO hearts vs. young hearts during ischaemia and reperfusion ( Figure 4B) . The quantitative analysis of mitochondrial DNA (mtDNA) showed more damages occurred in aged and icSIRT1 KO heart mitochondria vs. young heart mitochondria during ischaemia and reperfusion ( Figure 4D) . The alterations could be associated with the impaired cardioprotective signalling pathways such as AMPK, extracellular-regulated protein kinase (ERK) autophagic flux occurred in aged and icSIRT1 KO hearts in response to Values are means ± SEM, n = 6, *P < 0.05 vs. sham, respectively; † P < 0.05 vs. young I/R using 2-way ANOVA with Tukey's post-test.
Cardiac SIRT1 and AMPK signalling ischaemia and reperfusion stress ( Figure 5A) . The immunoblotting data of AMPK and downstream ACC and Raptor demonstrated that there is an impaired AMPK signalling response in aged and icSIRT1 KO hearts vs. young hearts ( Figure 5A ). The phosphorylation of autophagy-related kinase ULK1 demonstrated that there were impaired autophagic influx in aged and icSIRT1 KO hearts vs. young hearts during ischaemia and reperfusion ( Figure 5A) . Intriguingly, ischemic insults stimulated the upregulation of the mitochondrial membrane protein UCP1 and mitochondrial pro-apoptotic protein BNIP3 ( Figure 5A) . The up-regulation of UCP1 and BNIP3 are augmented in aged and icSIRT1 KO hearts ( Figure 5A) . The mitochondria biogenesis-related protein PGC-1a that is regulated by AMPK 37 and SIRT1 38 was down-regulated in aged and icSIRT1 KO hearts as compared to young hearts ( Figure 5A , the 2nd band from bottom). Moreover, ischaemia and reperfusion also triggers phosphorylation of inflammation signalling c-Jun N-terminal protein kinase (JNK) and oxidative stress marker 4-HNE ( Figure 5A) . The impaired AMPK and ERK signalling and autophagy regulation in aged and icSIRT1 KO hearts vs. young hearts during ischaemia and reperfusion, may affect mitochondria functions and cause oxidative stress, as shown by more 4-HNE adduct products in aged and icSIRT1 KO hearts vs. young hearts during ischaemia and reperfusion (Figures 4 and 5) . The reactive oxygen species (ROS) levels from aged and icSIRT1 cardiomyocytes under hypoxia and reoxygenation conditions were higher than young cardiomyocytes ( Figure 5B) . Furthermore, the intracellular ATP generations were impaired in aged and icSRT1 KO hearts vs. young hearts in response to ischaemia and reperfusion stress ( Figure 5C ).
LKB1 hyper-acetylation blocks ischemic AMPK activation in the heart
In order to characterize the role of acetylation of LKB1 in ischemic AMPK activation in the hearts, SIRT1 flox/flox and icSIRT1 KO mice were subjected to sham or ligation of left anterior descending coronary artery (LAD) operations with different time points. The myocardial lysates of the ischaemia region were immunoprecipitated by LKB1 antibody and the immunoblotting with antibody of acetyl-lysine showed that ischaemia triggered LKB1 deacetylation in SIRT1 flox/flox hearts but not in icSIRT1 KO hearts ( Figure 6A) . The immunoprecipitation of a scaffold protein of AMPK, Sestrin2, demonstrated that the association between Sestrin2 and AMPK was abolished in the icSIRT1 KO vs. SIRT1 flox/flox hearts ( Figure 6B) , and the interaction between Sestrin2 and AMPK upstream kinase LKB1 was also diminished in the icSIRT1 KO vs. SIRT1 flox/flox hearts ( Figure 6B ). These data suggest that ischaemia stimulate SIRT1 activation that deacetylate LKB1 to increase the interaction between Sestrin2-AMPK complex and LKB1 in SIRT1 flox/flox hearts, but this action is abolished in icSIRT1 KO hearts due to lack of SIRT1 activity. Using BGPA photolabelling to determine the amount of glucose transporter GLUT4 on the cell surface, 26 the data showed that one of downstream AMPK action GLUT4 translocation triggered by ischaemia was significantly impaired in icSIRT1 KO vs. SIRT1 flox/flox hearts ( Figure 6C ).
The immunoprecipitation of GLUT4 data demonstrated that ischaemia stimulated a disassociation between GLUT4 and a GLUT4 anchor protein TUG (Tether containing UBX domain for GLUT4) in SIRT1
flox/flox hearts, while ischaemia seems to enhance the interaction between TUG and GLUT4 in icSIRT1 KO hearts ( Figure 6D) . Furthermore, icSIRT1 KO hearts showed more sensitivity to ischemic insults as shown by more serum troponin release, higher oxidative stress level (p-Shc 66 ), and impaired autophagic influx (p-eEF2, p-ULK1, LC3II/LC3I, and p62) vs. SIRT1
flox/flox hearts ( Figure 6E) . Cardiac SIRT1 deficiency also increases acetylation of p65 of NF-jB that attenuates an adaptive acute response phosphorylation of p65 by ischemic stress ( Figure 6E , the 8th and 9th bands). Therefore, the pro-apoptotic markers such as BNIP3 and Bax were up-regulated while anti-apoptotic proteins such as Bcl-2 and Bcl-xL got down-regulated during ischemic stress in icSIRT1 KO vs. SIRT1
flox/flox hearts ( Figure 6E ).
3.6
Rescue of impaired SIRT1 level in aged heart improve tolerance of aged heart
In order to assess the contributions of SIRT1 to the impaired cardiac functions in aged hearts during ischaemia and reperfusion stress conditions, the adeno-associated virus (AAV9) was injected into the left ventricular cavity through a 27-G catheter while the aorta and pulmonary artery were crossed-clamped for 50 s. This procedure allows the solution that contains the adeno-associated virus (AAV9) to circulate down the coronary arteries and perfuse the heart without direct manipulation of the coronaries. After 7 days, the immunoblotting data showed that AAV9-Sirt1 rescues the levels of SIRT1 in the aged hearts ( Figure 7A) , and the impaired ischemic AMPK activation of aged vs. young hearts was rescued even higher than young hearts ( Figure 7B) . Importantly, the impaired cardiac functions of aged heart during ischaemia and reperfusion (I/R) are significantly improved with AAV9-Sirt1 treatment ( Figure  7C ); AAV9-Sirt1 treatment also significantly reduced the myocardial infarction size caused by ischaemia and reperfusion in the aged hears ( Figure 7D) . The glucose oxidation and oleate oxidation measurements in the ex vivo working hearts demonstrated that AAV9-Sirt1 treated aged hearts did not alter glucose oxidation in aged hearts ( Figure 7E ) but significantly attenuated the increased oleate oxidation occurring in the aged hearts during I/R ( Figure 7F and G). The improvement of cardiac functions in the aged hearts by AAV9-Sirt1 could be associated with the increased ischemic AMPK activation in the aged hearts ( Figure 7A ) and the inhibition of fatty acid oxidation in the aged hearts during ischaemia and reperfusion ( Figure 7F and G).
The relationship between AMPK signalling and SIRT1 activation in the heart
In order to define the relationship between AMPK signalling and SIRT1 activity in the heart in response to stress stimuli, FK866, an inhibitor of nicotinamide phosphoribosyltransferase (NAMPT), 39, 40 was intravenously injected into mice to reduce intracellular NAD þ level. The results demonstrated that FK866 treatment attenuated cardiac SIRT1 activation by ischaemia ( Figure 8A) . Interestingly, FK866 treatment significantly inhibited ischaemia-induced phosphorylation of AMPK and downstream acetyl CoA carboxylase (ACC) in the heart ( Figure 8C) . Moreover, AMPK kinase dead (AMPK KD) hearts showed significant lower SIRT1 activity vs. WT hearts in both sham and ischaemia conditions ( Figure 8B ). This data suggest that cardiac SIRT1 activity modulates AMPK signalling and AMPK activation also impact SIRT1 activity in the heart during normal physiological and stress conditions. Thus, there is a feedforward relationship between AMPK and SIRT1 in the heart. In order to determine the feasibility of a pharmacological approach to improve the tolerance of aged hearts to ischemic insults, the isolated hearts from young and aged mice were perfused with AMPK agonist A769662 or SIRT1 agonist SRT1720 in the Langendorff system to measure glucose uptake and myocardial infarction during basal and ischaemia/ reperfusion conditions. The results demonstrated that both A769662 and SRT1720 treatments can increase glucose uptake in young and aged hearts ( Figure 8D) , and A769662 treatment significantly reduce Figure 5 Autophagy signalling alterations with aging sesitize heart to ischemic insults. (A) Upper: immunoblots of phosphorylation of AMPK and downstream ACC, Raptor, and ULK1, phosphorlation of ERK and JNK, expression levels of mitochondrial membrane proteins UCP1, PGC-1a, and BNIP3, and oxidative stress marker 4-HNE in young, aged, and icSIRT1 KO hearts under sham operations or iscehmia 45 0 /reperfusion 24 h conditions to show the stress levels in the hearts; Lower: quantative analysis of relative levels of proteins in young, aged, and icSIRT1 KO hearts under sham or I/R conditions. The ratio phospho/total was normalized to GAPDH. Values are means ± SEM, n = 4-8, *P < 0.05 vs. sham, respectively; † P < 0.05 vs. young I/R using 2-way ANOVA with Tukey's post-test. (B) Upper: representative images of reactive oxygen species (ROS) in cardiomyocytes from young, aged, and icSIRT1 KO hearts under normixa or hypoxia/reoxygenation conditions; Lower: quantitative analysis of the relative levels of ROS in young, aged, and icSIRT1 KO cardiomyocytes under normxia or hypoxia/reoxygenation conditions. Values are means ± SEM, n = 15-20, *P < 0.05 vs. normoxia, respectively; † P < 0.05 vs. young hypoxia/reoxygenation using 2-way ANOVA with Tukey's post-test. (C) Relative intracellular ATP levels of young, aged, and icSIRT1 KO hearts under sham operations or ischaemia/reperfusion (I/R) conditions. Values are means ± SEM, n = 6, *P < 0.05 vs. sham, respectively; † P < 0.05 vs. young I/R using 2-way ANOVA with Tukey's post-test. (E) TTC staining shows the myocardial infarction in young and aged hearts after ischaemia/reperfusion with or without AMPK agonist A769662 in the heart perfusion system. Values are means ± SEM, n = 5-6, *P < 0.05 vs. young group, respectively; † P < 0.05 vs. aged vehicle using 2-way ANOVA with Tukey's post-test. (F) TTC staining shows the myocardial infarction of icSIRT1 KO hearts after ischaemia/reperfusion with or without AMPK agonist A769662 in the heart perfusion system, and the myocardial infarction of AMPK KD hearts with or without SIRT1 agonist SRT1720 in the heart perfusion system. Values are means ± SEM, n = 4-6, *P < 0.05 vs. icSIRT1 KO vehicle using 2-way ANOVA with Tukey's post-test.
myocardial infarction in the aged hearts caused by ischaemia and reperfusion ( Figure 8E) . In addition, AMPK agonist A769662 treatment significantly reduced myocardial infarction of icSIRT1 KO hearts ( Figure 8F) , while SIRT1 agonist SRT1720 did not significantly affect the myocardial infarction by ischaemia and reperfusion in AMPK KD hearts ( Figure 8F) . These data suggest that AMPK could be a good target for developing small molecules to improve the tolerance of aged hearts to ischemic insults.
Discussion
Our group and others have provided evidence that AMPK plays an important role in cardioprotection against ischaemia and reperfusion injury. 16, 22, 35, [41] [42] [43] [44] SIRT1 has emerged as a critical regulator during ischaemia/reperfusion in the heart. 2, [45] [46] [47] [48] Moreover, SIRT1 deacetylates AMPK upstream LKB1 leading to activation of AMPK, a central energy regulator involved in glucose homeostasis and maintenance of cellular ATP levels. 49 The functional AMPK is a heterotrimer consisting of a catalytic a, a regulatory c, and a scaffolding b subunit and is activated by low cellular energy status. 50 AMPK activation orchestrates many biochemical events including glucose uptake, glycolysis, oxidation of free fatty acids, and mitochondrial biogenesis. 51 Our recent finding revealed a novel stress inducible protein Sestrin2 modulating cardiac AMPK to regulate glucose transporter trafficking. 52 AMPK also promotes autophagy and mitophagy, thus preventing mitochondrial insufficiency, inflammation, and cellular death. 53 Autophagy is a major intracellular degradation process recognized to play a central role in cell survival and longevity. 54 AMPK is also a master regulator of key molecular effectors involved in metabolic processes, longevity, and cardiovascular homeostasis. AMPK modulates mTOR signalling by directly phosphorylating the TSC1/2 complex, regulates the IGF-1 pathway, and controls SIRT activity by regulating the abundance of NAD and NAMPT activity. 50 Our results suggest that cardiac autophagy regulation by SIRT1-AMPK signalling cascades is impaired in aging. The impaired SIRT1-AMPK signalling by ischemic insults could cause mitochondria more susceptible to ischemic stress and trigger generation of reactive oxygen species that initiate inflammatory response during ischaemia and reperfusion. Interestingly, more evidence indicates that AMPK is amenable to pharmacological intervention and represents a potentially 'druggable' target to prevent ageing-related features. Metformin, a biguanide used in the treatment of diabetes, is capable of inducing AMPK activation. Administration of metformin before, during, or after myocardial ischaemia has been shown to prevent ischaemia-reperfusion injury and adverse remodelling of the left ventricle. 55 Metformin has been shown to preserve insulin secretion by promoting the AMPK-dependent autophagic response in pancreatic beta cells.
56
SIRT1 belongs to the family of NAD-dependent proteins and is considered a major gatekeeper against oxidative stress, inflammation, and cardiovascular aging. 1 Cardiac SIRT1 activity is declined in senescence; 57 in fact, aged heart exhibited lower nuclear SIRT1 levels compared with those in young hearts, which was further down-regulated under ischaemia and reperfusion insult. 2 Activation of SIRT1 not only suppresses apoptosis but also balances oxidative stress in the heart, while absence of SIRT1 triggers chronic inflammation, oxidative stress, and cell cycle arrest. 58 SIRT1 acts as a cardioprotective molecule that protects from aging and induces resistance against hypertrophic and oxidative stresses, inhibits cardiomyocyte apoptosis, and regulates cardiac energy metabolism. 59 NAMPT is a critical determinant of the NAD þ level in the heart at baseline and in response to stress. 60, 61 Ischaemia/hypoxia injury demonstrated that the level of cellular NAD declined due to NAD þ -consuming poly (ADP-ribose) polymerase (PARP)-1 over-activation, mitochondrial permeability transition pore (mPTP) opening, and the down-regulation of NAMPT. 62 Down-regulation of Sirt1 caused accumulation of LC3-II and p62, thereby mimicking the effect of NAMPT down-regulation. 46 AMPK could enhance SIRT1 activity by increasing cellular NAD þ levels. 6 Our results demonstrated that cardiac AMPK kinase dead transgenic mice attenuate cardiac SIRT1 activation in response to ischemic stress, and NAMPT antagonist FK866 also inhibits ischemic AMPK activation in the heart. Therefore, there is a feedforward relationship between AMPK and SIRT1 in the heart in response to ischemic insults. LKB1 can be deacetylated by SIRT1. Such deacetylation in HEK293T cells correlates with increases in LKB1 activity, cytoplasmic localization and binding to STRAD, and AMPK and ACC phosphorylation. 10 Inflammation is a key mechanism for aging and age-related diseases, especially cardiovascular diseases. 63 SIRT1 was reported to negatively regulate the development and progression of inflammation. In this process, SIRT1 deacetylates the major transcription factors, NF-jB; this deacetylation results in the transcriptional inhibition of diverse inflammationassociated genes. 64 Our results clearly show that cardiomyocyte deletion of Sirt1 (icSIRT1 KO) causes hyper-acetylation of p65 of NF-jB and attenuates the phosphorylation of p65 by ischemic stress in the heart, consequently leading to more oxidative stress and apoptotic events occurred in icSIRT1 KO heart vs. SIRT1 flox/flox heart during ischemic insults. SIRT1-mediated inhibition of pShc 66 is an effective pathway for antioxidative stress and anti-aging. pShc 66 knockout mice have enhanced resistance to oxidative stress and a 30% increase in lifespan; pShc 66 augments reactive oxygen species (ROS)-dependent endothelial dysfunction induced by aging. 65, 66 Therefore, endothelial function can be preserved and vascular aging can be delayed by inhibiting pShc. 66 SIRT1
negatively modulates pShc. 66, 67 The results from icSIRT1 KO, aged, and young hearts demonstrated that cardiomyocytes SIRT1 deficiency in icSIRT1 KO and aged hearts cause more oxidative stress, as shown by higher level of 4-HNE and phosphorylation of pShc 66 vs. young hearts in response to ischemic insults. This study is the first examination of agerelated protein SIRT1 in AMPK-mediated metabolic regulation during ischaemia and reperfusion stress conditions. Cardiomyocytes-specific SIRT1 knockout (icSIRT1 KO) mice and the aged mice demonstrated impaired AMPK signalling and higher fatty acid oxidation during ischaemia and reperfusion, by which more ROS could be generated from mitochondrial to damage the cells in the hearts. The rescued SIRT1 in the aged hearts via AAV9 viral delivery significantly improved the tolerance of aged heart to ischemic insults as shown by echocardiography and myocardial infarction measurements. Interestingly, the viral delivery not only rescued the impaired ischemic AMPK activation but increased the basal levels of AMPK phosphorylation in the aged hearts as well. This could be due to more LKB1 deacetylation by the viral delivery of exogenous SIRT1 in the aged heart (data not shown). Furthermore, AMPK agonist attenuates cardiac damage by ischemic insults in the icSIRT1 KO hearts, but SIRT1 agonist does not show the beneficial effects on ischemic AMPK KD hearts.
In conclusion, the longevity protein SIRT1 modulates AMPK signalling pathway via deacetylation of AMPK upstream LKB1 in the heart during ischemic stress. Ischemic AMPK activation also regulates SIRT1 activity through modulating NAD level by NAMPT in the heart. There is a feedforward relationship between AMPK and SIRT1 in the heart in response
